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Abstract The Antarctic ice sheet surface mass balance shows high spatial variability over
the coastal area. As state-of-the-art climate models usually require coarse resolutions to
keep computational costs to a moderate level, they miss some local features that can be
captured by field measurements. The downscaling approach adopted here consists of using a
cascade of atmospheric models from large scale to meso-c scale. A regional climate model
(Mode`le Atmosphe´rique Re´gional) forced by meteorological reanalyses provides a diag-
nostic physically-based rain- and snowfall downscaling model with meteorological fields at
the regional scale. Although the parameterizations invoked by the downscaling model are
fairly simple, the knowledge of small-scale topography significantly improves the repre-
sentation of spatial variability of precipitation and therefore that of the surface mass bal-
ance. Model evaluation is carried out with the help of shallow firn cores and snow height
measurements provided by automatic weather stations. Although downscaling of blowing
snow still needs to be implemented in the model, the net accumulation gradient across Law
Dome summit is shown to be induced mostly by orographic effects on precipitation.
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1 Introduction
Sea level rise is identified as one of the major impacts of climate change on populations.
Changes in snow mass balance of polar ice sheets directly impact mean sea level through
water budget of the Earth system.
Surface mass balance of the Antarctic ice sheet is listed in the IPCC WG1 4th
assessment report as the only negative contribution to the twenty-first century sea level rise
estimates (Meehl et al. 2007). As temperatures remain low, ablation is not expected to
increase much nor the precipitation phase to evolve toward rain, whereas precipitation in a
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moister context might increase more significantly (Krinner et al. 2006; Wild et al. 2003).
On the other hand there are studies that show that precipitation has not increased in the past
50 years (e.g. Monaghan et al. 2006). To address the question of future evolution of the
Antarctic ice sheet mass balance, modeling is a quite unique tool. However, the ability of
current climate models to resolve small scale variability of net accumulation is facing the
problem of computational costs.
To resolve the ‘‘computational cost versus spatial resolution’’ dilemma,many downscaling
techniques have been proposed and used in the past 30 years, especially for hydrological
purposes. Some approaches take advantage of the statistical properties of an observation data
set of the target field. Others are based on the physics of orographic precipitation key pro-
cesses which are supposed to govern small-scale variability (e.g. Goyette and Laprise 1996;
Kuligowski andBarros 1999).While the former technique is well suited to complex processes
in data-rich regions, the latter one is preferable in data-poor regions, especially when some
simple physical law can explain most of the spatial features observed. In the case of Ant-
arctica, a large continent with extreme weather, a physically-based downscaling model
should improve the performance of cascades of models used to simulate the Antarctic surface
mass balance (Bromwich et al. 2004). The small-scale topography is considered as one of the
main forcings on accumulation in the coastal area (Goodwin et al. 2003). Consequently one
can imagine that better results will be obtained when adding a downscaling model in the
models’ cascade than working with an atmospheric general circulation model and even a
regional model only. Most of the existing physically-based downscaling models are devel-
oped on the basis of orographic precipitation modeling. To compute the airflow dynamics
induced by the high-resolution topography, most of these models use results of the linear
Boussinesq mountain wave theory (e.g. Smith 2002, Funk and Michaelsen 2004) that allows
low computational costs. The most sophisticated models introduce time delays for the for-
mation and the advection of hydrometeors. A further review of orographic precipitation
models and their characteristics is given in Table 1 of Barstad and Smith (2005).
As coastal regions are those in Antarctica where small-scale orography shows the
steepest slopes, they represent an appropriate domain for testing a physically-based pre-
cipitation downscaling model, especially since precipitation explains most of the measured
net accumulation (Bromwich 1988). In particular, the area of Law Dome (Fig. 1) can be
considered as a perfect laboratory for this kind of model validation. Indeed it is a coastal
dome which weather is dominated by easterly flow associated with cyclones moving over
the ocean. Consequently it is characterized by high accumulation rates on its eastern side
and much lower accumulation rates on its western side. As for other east Antarctic coastal
areas the fraction of liquid precipitation and runoff is not significant.
The present paper is organized as follows. In a first part we present the method, i.e. the
models and data used. Then we share the results of model evaluation and draw some
conclusions on the processes involved in coastal net accumulation. At the end, we discuss




Snow accumulation is defined here as the sum of solid precipitation Ps and the result of the
competition between blown snow particles deposition D and erosion E by the wind:
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Snow accumulation ¼ ðPsþ ðD% EÞÞ;
Surface mass balance (or net accumulation of snow/ice; hereinafter referred to as SMB)
can be expressed as the balance between accumulation and ablation terms as follows:
Surface mass balance SMB ¼ ðPsþ P1þ ðD% EÞ % Su% RÞ;
with Pl, Su and R denoting, respectively, liquid precipitation, sublimation and runoff. Units
of these quantities are kg m-2 year-1 or mm water equivalent (mm w.e.) per year.
(a)
(b)
Fig. 1 a Annual-mean SMB over Law Dome area, for the 1998–2001 period (mm w.e. per year, see color
scale). Dashed (solid) lines correspond to latitude (longitude E) contours and are drawn every 5 (10)
degrees. The 200 (dashed), 500, 1,000, 1,500, 2,000 and 2,500 m surface elevation contours are shown in
cyan. VGL Vanderford Glacier, DSS DSS AWS, A028 A028 AWS. b SMB reconstruction over Law Dome
made by van Ommen et al. (2004). Red contours: SMB (mm w.e. year-1). Green contours: surface elevation
(m). Adaptation by van de Berg et al. (2006). Copyright American Geophysical Union. Reproduced by
permission of American Geophysical Union
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2.2 Model Description
Downscaling of precipitation was obtained with the use of a diagnostic model that com-
putes total precipitation (solid plus liquid) on a fine grid given fine scale topography and
large scale three-dimensional meteorological fields, i.e. pressure, temperature, wind, spe-
cific humidity, total water mixing ratio and total precipitation. The physics is based on the
upslope model of Sinclair (1994) who assumes that the horizontal wind is not influenced by
fine scale topography. The vertical wind component ws at the surface is adjusted so that the
surface wind vector follows the topography:
ws ¼ Vs:rzs
where Vs is the horizontal component of the wind near the surface and rzs is the surface
slope. In Sinclair (1994) the vertical motion decreases with height at a specific rate. Here
the importance of vertical stability over Antarctica is taken into account by replacing the
initial empirical parameterization of Sinclair (1994) with a more explicit formulation based
on the two-dimensional model of linearized internal gravity waves and proposed by Funk
and Michaelsen (2004). Furthermore the vertical velocity near the surface is modified in
order to take into account the vertical velocity provided by the host model and the
influence of its topography on it, as in Goyette and Laprise (1996):
ws ¼ wsL þ VsL:rðzs % zsLÞ
where wsL, VsL, and zsL are provided by the host model and describe, respectively, its
vertical and horizontal velocity, and its topography. Finally, we consider the case of a
saturated baroclinic atmosphere when calculating the Scorer parameter (Durran and Klemp
1982). The Scorer parameter is obtained from the linear theory of mountain waves and
describes the vertical wave number of lee waves induced by a single ridge.
Condensation occurs when adiabatic cooling of the rising water vapor leads to satu-
ration (i.e. at the LCL—Lifting Condensation Level). Condensation rate above the LCL is
calculated assuming that condensation arises by means of saturated ascent along the moist
adiabatic. Unsaturated ambient conditions above the LCL are taken into account by
multiplying the condensation factor by
kðpÞ ¼ ½ðrðpÞ % 0:6Þ=0:4(0:5
where r(p) is the relative humidity and p is the pressure. k(p) is set equal to 0 when r(p) is
smaller than 0.6.
Precipitation is then obtained by vertically integrating the condensation rate and by
considering the efficiency of precipitation ks as a function of low-level relative humidity
near the surface rs
ks ¼ ½ðrs % 0:8Þ=0:2(0:25
ks is set equal to 0 when rs is smaller than 0.8.
Time delays for the formation of hydrometeors and their advection by the horizontal
wind are considered, as well as fall speed of raindrops and snow particles, set to a constant
value of 5 and 1 m s-1, respectively, as in Collier (1975). We pay attention to the surface
boundary condition and calculate a fictive surface horizontal wind speed extrapolated from
two levels located above the katabatic layer (approximately 200 and 1,500 m a.g.l.—above
ground level).
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The Sinclair (1994) version of the model has been validated over the Alps by Brasseur
et al. (2002) who found that such a simple model was able to improve the agreement
between rain gauges and the 40-km resolution regional climate model MAR (Mode`le
Atmosphe´rique Re´gional) outputs.
2.3 Model Setup
2.3.1 Spatial and Temporal Domains
The downscaling model is run over a 1,000 km 9 1,000 km domain centered over Law
Dome and covering part of East Antarctica (Fig. 1). This region is chosen because of the
supposed role of the orographic forcing on precipitation, the presence of high accumulation
rates in the area and the availability of field data.
The 1998–2001 period is justified by the availability of AWS snow height measure-
ments. We claim that 4 years are sufficient to address the climatological signature of the
model, although measured annual-mean ENSO index is characterized during this period by
near-neutral values (1998 and 2001) and moderately positive values (1999 and 2000). This
leads to a wet anomaly of precipitation over Wilkes Land (Guo et al. 2004).
Note that the choice of horizontal domain size has very little influence on the results
because the variables of the downscaling model do not depend on the horizontal distances.
2.3.2 Forcing
Model synopsis. Our downscaling model is forced every simulated 6 h by outputs from the
regional climate model MAR, described in Galle´e and Schayes (1994). MAR has been
designed for polar studies and validated over Wilkes Land (Galle´e et al. 2005) at the
resolution of 40 km that was also used in the present study. The atmospheric part of MAR
is coupled to a snow model and a parameterization of blowing snow is used. MAR is forced
at its lateral boundaries by ECMWF reanalyses ERA-40.
Downscaling of the SMB. We derive two MAR experiments with blowing snow
parameterization switched on and off (the last denoted by a « |off »). The first one provided
a regional SMB without runoff:
Psþ P1þ ðD% EÞ % Su
Because runoff is overestimated in this simulation, it is replaced by an ensemble mean
of a 1980–1982 MAR computation with a slightly different albedo parameterization
(varying with the solar zenithal distance—labeled by a star): R|*. This only affects grid
points that are located very close to the coast. When blowing snow is activated, precipi-
tating snow Ps can’t be distinguished from the contribution of drifting grains D–E within
the microphysical scheme of MAR. Therefore, a second experiment is performed by
switching off the blowing snow parameterization, in order to provide the downscaling
model with the meteorological fields at the regional scale. Downscaled precipitation will
be denoted by a ) jd *: Psjd þ PIjd: Thus Ps|d ? Pl|d - (Ps|off ? Pl|off) represents the
effects of fine scale topography on precipitation. Except otherwise stated conservation of
water is performed by imposing that domain integral of Ps|d ? Pl|d is equal to domain
integral of Ps|off ? Pl|off.
Combined together, and after remapping X and X|off fields onto the higher resolution
grid using a bilinear interpolation method, the former components yielded a downscaled
SMB:
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Psþ P1þ ðD% EÞ þ ½PsjdþP1jd%ðPsjoffþP1joffÞ( % Su% Rj+
Finally the sensitivity of the MAR to blowing snow at the regional scale (including non-
linear processes) reads:
Psþ ðD% EÞ % Psjoff
2.3.3 Spatial Resolution
Spatial resolution of our downscaled SMB is set to 5 km after verifying the convergence of
the downscaling model for horizontal resolutions of 80, 40, 20, 10 and 5 km. The forcing
of the downscaling model is obtained from MAR set up with an horizontal resolution of
80-km, for the year 1999. The 2.5 km solution, while not far from the 5-km solution,
exceeded the asymptotic value; this behavior can be explained by the fact that one of our
hypotheses is not valid for gravity waves whose horizontal wavelength is less than 6.3 km.
Little variation was found between the resolutions of 5 and 10 km, in agreement with van
de Berg et al. (2006) who noticed that both orographic and accumulation wavelengths were
of the order of 10 km.
2.4 Field Data
2.4.1 Ice Cores
Figure 1 of van Ommen et al. (2004) was used to evaluate the model time mean spatial
variability against observation-based data (see adaptation on Fig. 1b). The map showed
actual net accumulation over Law Dome and had been obtained by combining dating
constraints with an ice-flow model.
2.4.2 Automatic Weather Stations
Two automatic weather stations from the Australian Antarctic Division network (http://
aws.acecrc.org.au) were used to compare local time series of modeled net accumulation
with field measurements: DSS (66"4600900 S, 112"4803800 E, 1,376 m a.s.l. (above see
level); date of installation: December 20, 1997), located very close to Law Dome Summit
South, and A028-B (68"2402800 S, 112"1300300 E, 1,622 m a.s.l.; November 6, 1998),
located about 300 km inland from Law Dome (see location of the AWS on Fig. 1.a).
To help for the comparison, snow heights were converted into their water equivalent
using snow densities measured in the subsurface snow near the stations: 423.4 kg m-3 for
DSS (McMorrow et al. 2001) and 420 ± 20 kg m-3 for A028-B (Goodwin et al. 2003).
The choice of a constant value is responsible for an overestimation of snow mass balance
during the snow densification process. After interpolating AWS data on the model time
axis, we applied to the record data a 10-point (i.e. a 15-h) running-box smoothing to soften
these artifacts.
As a resolution of 5 km is high enough for our purposes (see Sect. 2.3.3), field mea-
surements were simply compared to the SMB calculated at the nearest model grid point.
Model (observed) altitudes for DSS and A028-B were 1,280 m (1,376 m) and 1,628 m
(1,622 m), respectively. The largest altitude error was obtained for DSS, although the area
experiences gentle slopes. Two-thirds of this error appeared to be inherited from the 1-km
resolution version of the Radarsat Antarctic Mapping Project Digital Elevation Model of
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Liu et al. (2001), whose vertical precision for the steeper ice sheet perimeter was estimated
to about 35 m.
3 Results
3.1 Time-Integrated Results
Annual-mean snow mass balance for the years 1998–2001 is compared in Fig. 1 with
observations made by van Ommen et al. (2004). The key features of the spatial variability
are well captured by the model chain. Because runoff and sublimation remain low in
absolute terms, net accumulation is dominated by the accumulation process (Fig. 2).
The simulated (Fig. 1a) and observation-based (Fig. 1b) (van Ommen et al. 2004) SMB
gradients across Law Dome share the same main characteristics: west-east direction,
homogeneity along a meridian, value over DSS (634 vs. 630 mm w.e. per year, respec-
tively). However, the modeled SMB is underestimated on the eastern side (no more than
1,395 mm w.e. in place of 1,600 mm w.e.) and overestimated on the western side (no less
than 300 mm w.e. in place of 200 mm w.e.). More striking discrepancies are the decrease
of modeled SMB when approaching the eastern coast and the presence of a local maximum
in the western side, over the Vanderford Glacier (Fig. 1a, x and y = 20 and 80 km,
respectively).
3.2 Time Series at AWS Sites
More local model versus observations plots are shown in Fig. 3 for the two Australian
AWS DSS and A028 (see location on Fig. 1a). Downscaled and observed SMB showed
good agreement. Over DSS, where sublimation and runoff are negligible (see Fig. 2b, c) as
well as the net effects of snow-drift processes (see Fig. 4a), modeled SMB increases more
linearly with time than the observed one even when leaving aside compaction delays that
add high-frequency artifacts to AWS series. Note that A028 is located farther inland than
DSS, explaining why the net accumulation is much smaller there.
3.3 On the Origin of a Net Accumulation Gradient Across Law Dome Summit
Figure 4 shows the respective effects of snow drift and downscaling on modeled accu-
mulation. The latter can be taken as an estimate of the fine scale orographic forcing on
precipitation. None of these processes were found to have a significant impact on SMB
over DSS. However, they are responsible for accumulation gradients across the summit,
respectively, in the NW–SE and ENE–WSW directions. Snow-drift processes represent a
difference of 230 mm w.e. per year within 165 km whereas fine-scale orography represents
a difference of 708 mm w.e. per year within 73 km. Therefore, based on our model results
we argue that the SMB gradient across DSS would be caused primarily by the orographic
forcing on precipitation. The direction of the observed gradient is consistent with our
conclusion.
Fig. 2 Components of the SMB shown in Fig. 1 (mm w.e. per year, see color scale). Dashed (solid) lines
correspond to latitude (longitude E) contours and are drawn every 5 (10) degrees. The 200 (dashed), 500,
1,000, 1,500, 2,000 and 2,500 m surface elevation contours are shown in cyan or in blue. a Accumulation
defined as in 2.1 plus the marginal rainfall component. b Sublimation. c Runoff
c
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4 Discussion and Conclusion
Capturing the small scale features of the surface mass balance becomes of primary
importance when directly comparing model data to field measurements. For that purpose,
we used a cascade of models from the synoptic scale to the meso-c scale, based on the
hypothesis that small scale features of SMB are induced by the orography through upslope
Fig. 3 Surface Mass Balance (mm w.e.): black line: regional climate model MAR; blue line: precipitation
downscaled from MAR output (MAR ? DSG) with domain conservation of water; green line: MAR
? DSG with local conservation of water; red line: observations made at Automatic Weather Stations. Top
panel: DSS; bottom panel: A028-B. Time interval is 6 h
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precipitation and snow-drift. Though it kept computational costs within reasonable levels,
our method performed quite well when applied to the marked coastal topography of Law
Dome. We were able to estimate roughly the roles of the different processes in the
repartition of snow among the different slopes. The small scale variations of some SMB
components of secondary importance at the regional scale (such as surface sublimation)
were neglected in this study, but one should keep in mind that their local variations might
be large near the coast (Frezzotti et al. 2004). Therefore, the downscaling of blowing snow,
sublimation and melting, and more generally surface energy balance will be implemented
in future versions of the downscaling model. The use of a mechanistic downscaling model,
as opposed to a statistical one, must be limited to regions in which slopes are steep enough,
so that precipitation rates are controlled by orographic processes. Moreover, though the
Fig. 4 a Effect of snow drift on accumulation: annual accumulation from the MAR simulation with
blowing snow activated, minus annual accumulation from the MAR simulation without blowing snow.
b Downscaled precipitation minus MAR precipitation. Unit: mm w.e. per year (see colour scale). Dashed
(solid) lines correspond to latitude (longitude E) contours and are drawn every 5 (10) degrees. The 200
(dashed), 500, 1,000, 1,500, 2,000 and 2,500 m surface elevation contours are shown in blue
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Antarctic Peninsula should appear as the ultimate region for downscaling applications, one
should first consider implementing a representation of some of the fo¨hn effects, such as lee
drying and warming which are thought to be responsible for the lack of stability of the
Larsen ice shelf (van den Broeke 2005). Aside from new developments and applications
over other regions, downscaling of climatic scenarios will be performed in the frame of the
European project ICE2SEA.
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